Introduction {#S0001}
============

Nanotechnology is the study of extremely small structures, having a size of 0.1--100 nm.[@CIT0001] Nanoparticles (NPs) are used in a number of applications in the biomedical, bioengineering, and optical fields. Great attention has been given to the toxicology of NPs, which represent danger therapeutically and naturally. From a biomedical point of view, the toxicology of NPs uncovers the reaction between the physicochemical characteristics of NPs and their natural impacts. Appraisal of the damaging effects of NPs requires many configuration runs in either in vitro or in vivo examinations. Marquis et al[@CIT0002] reviewed studies of proliferation, necrosis, apoptosis, DNA damage, and oxidative stress, which are related to the main mechanisms of cytotoxicity,[@CIT0003] and stressed the significance of nanotoxicity in in vivo investigations.[@CIT0003] Relatively long-term, complicated, and animal-sacrificed in vivo investigations come after vitro evaluations and are necessary before wide application.

Silver nanoparticles (AgNPs) are wildly used in medicine owing to their antimicrobial properties.[@CIT0004] The toxicity of AgNPs remains to a great extent obscure and in vivo data of AgNP toxicities are particularly restricted and disputable.[@CIT0005],[@CIT0006] AgNPs can be absorbed into the circulation by means of different routes of administration, prompting deposition of silver in many organs, mainly the liver and spleen, causing organ damage.[@CIT0007]--[@CIT0009] An ongoing report[@CIT0010] recommended that short-term oral administration of high doses of AgNPs in rats (25--100 mg/kg) could significantly elevate reactive oxygen species (ROS), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lipid hydroperoxide, and cause DNA damage. On the other hand, a 28-day inhalation toxicity study (1.32×10^6^ AgNPs/cm^3^) noticed no changes in body weight or in the hematology and blood biochemical parameters of Sprague-Dawley (SD) rats.[@CIT0011] Another report likewise proposed that SD rat oral gavage with up to 36 mg/kg AgNPs for 13 weeks showed no conspicuous changes in histopathology, hematology, clinical chemistry, micronuclei, and reproductive system parameters.[@CIT0012] The toxicities that come from the different administration routes regularly fluctuated because of the distribution patterns. For instance, in a single-dose oral administration study,[@CIT0013] the tissue distribution of Ag in the liver, kidneys, and lungs was higher when Ag^+^ was administered compared with AgNPs. However, intravenously administered AgNPs predominantly aggregated in the liver and spleen, and the free Ag^+^ was in this way released and excreted, a large amount of which remained in the kidneys, lungs, and brain.[@CIT0014] It is therefore vital to demonstrate the distribution pattern of AgNPs vs Ag^+^ and to investigate their toxic impacts.

A few investigations have shown that different surface stabilizers have important effects on AgNP cytotoxicity. Due to its great biocompatibility and antibacterial properties, chitosan is utilized as an active ingredient of topical wound materials.[@CIT0015] Several studies reported that chitosan has been considered as a good stabilizer for AgNPs and promotes wound healing and the antimicrobial effects by AgNPs.[@CIT0016] Moreover, chitosan-coated AgNPs (Ch-AgNPs) showed high effectiveness in killing common Gram-positive and Gram-negative bacteria, and fungi.[@CIT0017],[@CIT0018] Compared with a higher degree of polymerization of chitosan, low molecular weight chitosan (LMWC) has better water solubility and biological activity,[@CIT0019] recommending that LMWC may be an ideal stabilizer of AgNPs. Furthermore, a few researchers found that chitosan NPs incorporating silver have higher toxicity than those incorporating other metal ions such as magnesium, zinc, and copper.[@CIT0020],[@CIT0021] Although numerous studies have summarized the methods in both in vitro and in vivo evaluations in certain nanostructures in various model frameworks, fundamental assessment stays inconclusive. Fischer[@CIT0004] talked about the significance of creating prescient models of NP toxicity assessment, while other studies have concentrated on histological changes[@CIT0022] and pharmacokinetic parameters like exposure,[@CIT0023] bio-distribution, biochemistry metabolism, and clearance.[@CIT0024]

Numerous investigations discussed the in vitro antimicrobial effects of Ch-AgNPs. However, investigation of its toxicity has been limited in laboratory animals. In this study, albino Wister male rats as a popular model were used to study the in vivo toxicities triggered by repeated Ch-AgNPs intraperitoneal administrations for 14 days. Furthermore, three different concentrations of Ch-AgNPs were likewise used to think about the toxicological contrasts between them. Our study will provide a comprehensive insight into the immunotoxicity induced in rats by Ch-AgNPs, which may contribute to a better understanding of the potential risk of Ch-AgNPs containing medical materials.

Materials and methods {#S0002}
=====================

Preparation of chitosan-coated silver nanoparticles {#S0002-S2001}
---------------------------------------------------

Chitosan (molecular weight 50,000--190,000 Da, degree of deacetylation 75--85% and viscosity 20--300 cP), glacial acetic acid, silver nitrate, sodium borohydride, and all the other chemicals were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

Ch-AgNPs were prepared by chitosan reduction of silver nitrate according to Babu et al (2017).[@CIT0025] Silver ions are being coordinated by amino groups of polymeric chains in chitosan acidic solution. Ions reduction to metallic silver NPs is coupled with chitosan hydroxyl group oxidation. Briefly, chitosan aqueous solution (1% w/v) was prepared by dissolving chitosan in acetic acid solution (1% v/v) at room temperature. Subsequently, the silver nitrate solution (0.01 M) was added immediately into the suspension under stirring for 2 h. Sodium borohydride (20 mL, 0.04 M) was added to the previous suspension and an immediate color changes from pale yellow to brown. The resulting Ch-AgNP suspension was centrifuged at 20,000 g for 30 min. The pellet was resuspended in deionized water. The Ch-AgNP suspension was freeze-dried before further use or analysis.

### Characterization of the prepared nanoparticles {#S0002-S2001-S3001}

The crystalline and phase structure of the synthesized NPs was studied by an X-ray diffractometer (XRD, X'Pert Pro, Malvern Panalytical Ltd, Malvern, UK). The size (Z-average mean) and zeta potential of the NPs were analyzed by photon correlation spectroscopy and laser doppler anemometry, respectively, in triplicate using a Zetasizer 3,000HS (Malvern Instruments, Malvern, UK). The morphology and size were determined by the transmission electron microscopy (TEM, Tecnai G20, FEI, Netherlands). All the preparation and characterization processes were conducted at Nanotechnology and Advanced Materials Central Lab (NAMCL), Agricultural Research Center, Egypt.

Animals and experimental design {#S0002-S2002}
-------------------------------

All procedures were conducted in accordance with the guidelines contained in the guide for the care and use of laboratory animals 8th edition 2011 (the guide). The protocol was approved by the Institutional Animal Care and Use Committee at Cairo University (IACUC, CU-II-F-10-19), Cairo, Egypt. Twenty-eight male albino Wister rats weighing 170--200 g were obtained from the Department of Veterinary Hygiene and Management's animal house, Faculty of Veterinary Medicine, Cairo University. All animals were housed in plastic cages (4 or 3 rats/cage) in a well-ventilated environment and received a daily illumination of 16 h of light. They were fed on dry commercial standard pellets with access to tap water ad libitum throughout the experimental period. They were acclimatized to the environment for 2 weeks prior to the onset of the experiment to ensure their healthy state.

Rats were randomly divided into four groups (n=7). Group 1 was kept without any treatment except i.p. injection of normal saline. Groups 2, 3, and 4 were administered different concentrations of Ch-AgNPs intraperitoneally, each day for 14 days at doses of 50, 25, and 10 mg/kg body weight (bwt), respectively. Doses of NPs were selected according to previous studies.[@CIT0026]

### Sampling {#S0002-S2002-S3001}

At the end of the experiment, blood samples were collected from all rats in the different groups. Centrifugation was performed at 4,500 RPM for 5 min to obtain clear serum samples then preserved at −20°C till use for biochemical and immunological tests.

Rats were euthanized at the end of the experiment by cervical dislocation, and the main organs including liver, kidneys, and spleen were collected. Some of these organs were preserved in 10% neutral buffered formalin for histopathological and immunohistochemical studies, while others were preserved at −20°C for oxidative stress evaluations.

### Clinical chemistry {#S0002-S2002-S3002}

ALT, AST, blood urea nitrogen, creatinine, and total protein were analyzed according to the instructions of the commercial kits (Biodiagnostic Co., Giza, Egypt).

### Hematology {#S0002-S2002-S3003}

Blood was collected in EDTA-coated tubes. All hematology parameters were determined utilizing an Erma Hematology Analyzer (Tokyo, Japan). These parameters were white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (HGB) and platelet (PLT) count. In addition, the number and percentage of monocytes and lymphocytes were measured. Then, blood smears were prepared for visual evaluation.

### Immunoglobulin levels {#S0002-S2002-S3004}

After collection of blood serum, immunoglobulin levels were determined using ELISA using mouse monoclonal antibodies against rat IgG and IgM, respectively, as described in the manufacturer kit (Biocheck Inc., Foster City, CA, USA). Briefly, serum samples were incubated with mouse monoclonal antibodies against rat IgG and IgM, 1:5,000 and 1:3,000, respectively, for 30 min at 37°C. The plates were washed and tetramethylbenzidine substrate was added and incubated for 10 min in the dark at room temperature (RT). The reaction was stopped with 10% (w/v) H~2~SO~4~. Optical density was measured at 490 nm using a Spectramax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).

### Histopathology and morphometric studies {#S0002-S2002-S3005}

Tissue specimens from liver, kidneys, and spleen were collected then fixed in 10% neutral buffered formalin (pH 7.0) and processed by the conventional methods to obtain paraffin sections. The embedded paraffin sections were cut at 4.5 μm then stained by H&E stain for histopathological examination.[@CIT0027]

Microscopic grading and scoring of the spleen, liver, and kidney tissue sections were carried out to determine the degree of severity of the observed histopathological lesions according to Baliga et al[@CIT0028] but with some modifications. Grading of both hepatocellular and renal damage was performed according to the following parameters: epithelial cell degeneration, necrosis, vascular congestion, hemorrhage, and inflammatory cell infiltration. Grading of the splenic injury was performed according to the following parameters: lymphoid cell atrophy, reticular cells hyperplasia, tangible body macrophages, and splenic hemorrhage. The above parameters were assessed and scored as mild, moderate, and severe, as follows: (−) normal histology; (+) mild \<25%; (++) moderate 25--50%; (+++) severe \>50% of the tissues affected.

### Immunohistochemistry {#S0002-S2002-S3006}

Immunohistochemical studies were performed to detect caspase-3 and PCNA protein expressions on paraffin spleen, liver, and kidney tissue sections using an immunoperoxidase test as mentioned by Hsu et al.[@CIT0029] Briefly, tissue sections were incubated with a primary antibody (Dako Corp., Carpinteria, CA, USA) and reagents required for the avidin-biotin peroxidase (Vactastain ABC peroxidase kit, Vector Laboratories, Burlingame, CA, USA) test for the detection of the antigen--antibody complex. Each immunohistochemical marker was treated by the chromogen 3, 3-diaminobenzidine tetrahydrochloride (DAB, Sigma Chemicals, Perth, Australia) and counterstained by hematoxyline then examined under a light microscope.

Immunohistochemical reactions were quantified using Image J software. Morphometric results expressed as a percentage of specific positive area in relation to the total counted area and measured as mean ± SEM.

### Oxidative stress markers {#S0002-S2002-S3007}

Liver, kidney, and spleen samples were evaluated for lipid peroxidation, expressed by malondialdehyde (MDA) formation, as described by Ohkawa et al[@CIT0030] and reduced glutathione (GSH) levels were assessed as described by Beutler et al[@CIT0031] using commercial kits (Biodiagnostics, Cairo, Egypt).

Statistical analysis {#S0002-S2003}
--------------------

Statistical analysis was performed with SPSS version 16.0 software (SPSS Inc., Chicago, IL, USA). Data were expressed as means ± standard error of mean (SEM). Comparison of means was performed by one-way ANOVA followed by independent-sample Student's *t*-test. A value of *P*≤0.05 was considered statistically significant.

Results {#S0003}
=======

Characterization of chitosan-silver nanoparticles {#S0003-S2001}
-------------------------------------------------

### X-ray diffraction (XRD) pattern of Ch-AgNPs {#S0003-S2001-S3001}

The XRD pattern of the prepared Ch-AgNPs was graphically illustrated in [Figure 1A](#F0001){ref-type="fig"}. The presence of chitosan, silver and the absence of impurity phases was evident from the XRD image. The peak for chitosan appeared at a 2θ value of the broad peak around 15--35°. The peaks of silver were indexed to the face-centered cubic structure which is in good agreement with the JCPDS card No. 04-004-8730. The three silver peaks obtained belong to the (111), (220) and (311) reflections, respectively. The results showed that the synthesized NPs were AgNPs because the position and relative intensity of all the diffraction peaks of the samples were consistent with the crystalline pattern of silver.Figure 1(**A**) X-ray powder diffraction patterns of Ch-AgNPs. (**B** and **C**) Dynamic light scattering analysis of Ch-AgNPs. Particle size was 20 nm (B), and zeta potential 66 mV (C). (**D)** High-resolution transmission electron microscope image of Ch-AgNPs showing spherical NPs with particle size in the range of 17.5 nm distributed homogeneously in the Ch matrix.**Abbreviation:** Ch-AgNPs, chitosan-coated silver nanoparticles.

### Dynamic light scattering (DLS) analysis {#S0003-S2001-S3002}

DLS was used to measure the hydrodynamic diameter in the nanometer range. The size of Ch-AgNPs was 20 nm, and zeta potential was 66 mV as shown in [Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}.

### High-resolution transmission electron microscope (HR-TEM) analysis {#S0003-S2001-S3003}

HR-TEM gave us information on the particle shape and the determination of particle size. The results of TEM, shown in [Figure 1D](#F0001){ref-type="fig"}, indicate that the Ch-AgNPs were spherical with particle size in the range of 17±5 nm, distributed homogeneously in the Ch matrix.

Clinical chemistry and hematology {#S0003-S2002}
---------------------------------

There was a significant increase of serum levels of ALT, AST, blood urea nitrogen, and creatinine, and a significant decrease in levels of total protein in the group treated with 50 mg/kg bwt of Ch-AgNPs compared to other groups, as illustrated in [Figure 2](#F0002){ref-type="fig"}. Levels of the above biochemical parameters were similar without any significant difference in other groups.Figure 2Serum levels of (**A**) ALT, (**B**) AST, (**C**) BUN, (**D**) creatinine, (**E**) total protein and IgG, and (**F**) IgM in different groups. Data are represented as mean ± SEM. \*Indicates significant difference from the corresponding control group at *P*≤0.05.**Abbreviations:**ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen.

In general, minor alterations were observed in hematological parameters ([Table 1](#T0001){ref-type="table"}). For blood, several parameters associated with red blood cell generation showed a significant decrease in the highest dose administered which could be confirmed by reduced hemoglobin (Hb) level in the group that received 50 mg/kg Ch-AgNPs. The total number of WBC, PLT count and lymphocytes were significantly decreased in the highest dose.Table 1Hematological parameters of rats in different groupsParametersG1G2G3G4RBCs (millions/cmm)7.9±0.057.08±0.04 \*7.4±0.05 \*7.68±0.04Hb (g/dl)15.33±0.0913.47±0.23\*14.03±0.03\*14.77±0.23PLAT (thousands/cmm)960±10244.67±0.03\*365.33±2.91\*886±33.53TWBCs (thousands/cmm)11.63±0.225.8±0.1\*9.23±0.07\*11.37±0.4LQ %71.1±0.0651.13±0.13\*61.9±0.56\*70.93±0.99MQ %17.53±0.1518.73±0.09\*18.67±0.03\*17.77±0.37[^1][^2]

### Immunoglobulin level {#S0003-S2002-S3001}

There was a significant decrease in the levels of IgG in groups that received the highest and the moderate dose compared with those that received the lowest dose and the control group. Levels of IgM were quite similar to each other without any significant difference, as shown in [Figure 2](#F0002){ref-type="fig"}.

### Histopathological pictures {#S0003-S2002-S3002}

Microscopic examination of the spleen tissue sections in the control group showed normal histological structures ([Figure 3A](#F0003){ref-type="fig"}), while rats administered Ch-AgNPs showed dose-dependent pathological alterations. Lesions are restricted to groups of rats receiving 50 mg/kg Ch-AgNPs. There were congestion and fibrinoid necrosis of follicular arteries associated with follicular hemorrhage ([Figure 3B](#F0003){ref-type="fig"}). The most prominent observable lesions were severe atrophy and necrosis of the lymphoid cells with hyperplasia of reticular cells ([Figure 3C](#F0003){ref-type="fig"}). Numerous apoptotic cells surrounded by clear space and multiple tangible body macrophages were also recorded. A large amount of eosinophilic hyaline material and fibrin threads fill the sinusoids and replace the splenic parenchyma ([Figure 3D](#F0003){ref-type="fig"}). Hemosederin pigment was detected in red and white pulp in some cases ([Figure 3E](#F0003){ref-type="fig"}). Perisplenitis was observed in some cases and was characterized by congestion, fibrin deposition and mononuclear inflammatory cell infiltrations in the splenic capsule ([Figure 3F](#F0003){ref-type="fig"}). Rats treated with 25 mg/kg Ch-AgNPs showed mild to moderate depletion of lymphocytes within lymphoid follicles ([Figure 3G](#F0003){ref-type="fig"}). The spleen of rats treated with 10 mg/kg Ch-AgNPs showed normal histology. Lymphoid follicles appeared with normal histology ([Figure 3H](#F0003){ref-type="fig"}) without any depletion of the lymphocytes.Figure 3Histopathological alterations in splenic sections of rats in different groups. (**A**) Spleen of rat in the control group showing normal histology of both red (arrowhead) and white pulp (star). (**B**--**F**) Spleen of rat in the group that received 50 mg/kg Ch-AgNPs, showing (**B**) splenic hemorrhage (arrows) with hemosiderin pigment deposition in the red pulp; (**C**) lymphoid cell depletion with presence of many tangible body macrophages (arrows) detected within the splenic periarteriolar lymphoid follicles; (**D**) splenic hemorrhage (arrows) and fibrin threads (star) fill the splenic sinusoids in the red pulp; (**E**) deposition of hemosiderin pigment in the splenic parenchyma as well as congestion of central artery (star) with extensive lymphoid depletion (arrow) associated with reticular cell hyperplasia (arrowhead) in the white pulp; (**F**) thickening of the splenic capsule by fibrin deposition (star), edema and mononuclear inflammatory cell infiltrations (arrow). **(G**) Spleen of rat in the group that received 25 mg/kg Ch-AgNPs showing mild lymphoid depletion in the splenic lymphoid follicles. (**H**) Spleen of rat in the group that received 10 mg/kg Ch-AgNPs showing normal histology of both white (star) and red pulp.**Note:** All sections stained by H&E.

In contrast to normal control rats ([Figure 4A](#F0004){ref-type="fig"}), those treated with 50 mg/kg Ch-AgNPs showed moderate hepatocellular injury with remarkable diffuse vacuolar degeneration ([Figure 4B](#F0004){ref-type="fig"}). The hepatocytes appeared swollen with pale vacuolar cytoplasm. Individual hepatocellular necrosis and apoptosis were also detected ([Figure 4C](#F0004){ref-type="fig"}). Multifocal areas of hemorrhage were recorded in the hepatic parenchyma ([Figure 4D](#F0004){ref-type="fig"}). There was fibrinous perihepatitis characterized by congestion of the blood vessels, and mononuclear inflammatory cell infiltration with faint pink fibrin threads in the Glissonian capsule ([Figure 4E](#F0004){ref-type="fig"}). Multifocal areas of hepatocellular coagulative necrosis infiltrated with mononuclear inflammatory cells were detected. The cytoplasm of hepatocytes appeared deeply eosinophilic with pyknotic nuclei. Only hyperactivation of the Kuppfer cells and binucleated hepatocytes were noticed in groups treated with 25 and 10 mg/kg Ch-AgNPs without any pathological alterations ([Figure 4F](#F0004){ref-type="fig"} and [G](#F0004){ref-type="fig"}). Figure 4Histopathological alterations in liver tissue sections of rats in different groups. (**A**) Liver section of rat in the control group showing normal histology with normal central vein and hepatocytes arranged in the hepatic cords. (**B**--**E**) Liver sections of rats in the group that received 50 mg/kg Ch-AgNPs, showing: (**B**) diffuse hepatocellular vacuolar degeneration; (**C**) individual hepatocellular necrosis and apoptosis (arrow); (**D**) focal area of hemorrhage (arrow) in the hepatic parenchyma; (**E**) perihepatitis characterized by congestion (arrow), fibrin deposition (star) and inflammatory cells infiltration in the hepatic capsule together with hepatocellular vacuolar degenerations (arrowhead). (**F**) Liver of rat in the group that received 25 mg/kg Ch-AgNPs showing mild hepatocellular vacuolation with hyperactivation of Kupffer cells (arrow). (**G**) Liver of rat in the group that received 10 mg/kg Ch-AgNPs showing normal histology.**Note:** All sections stained by H&E.**Abbreviation:**Ch-AgNPs, chitosan-coated silver nanoparticles.

In contrast to the control ([Figure 5A](#F0005){ref-type="fig"}), kidneys of rats treated with 50 mg/kg Ch-AgNPs had severe to moderate histopathological alterations. The main lesion observed was acute focal interstitial nephritis ([Figure 5B](#F0005){ref-type="fig"}). There were congestion of interstitial blood vessels and glomerular capillary tuft. Degeneration of renal tubular epithelial cells was observed and associated with hemorrhage in between renal tubules ([Figure 5C](#F0005){ref-type="fig"}). Focal interstitial inflammatory cell infiltration was detected. Some renal tubules contained cellular hyaline cast in their lumen. Necrosis of renal tubular epithelial cells was mostly observed with the complete destruction of the renal tubules ([Figure 5D](#F0005){ref-type="fig"}). Kidneys of rats administered 25 mg/kg Ch-AgNPs showed severe congestion with mild degeneration and necrosis in the renal tubular epithelium ([Figure 5E](#F0005){ref-type="fig"}); while those administered 10 mg/kg Ch-AgNPs had normal histology ([Figure 5F](#F0005){ref-type="fig"}).Figure 5Histopathological alterations in the kidney tissue sections of rats in different groups. (**A**) Kidneys of rat in the control group showing normal glomerular and tubular histology. (**B--D**) Kidneys of rats in the group that received 50 mg/kg Ch-AgNPs, showing: (**B**) congestion, focal interstitial inflammatory cells infiltration together with degeneration and necrosis of renal tubular epithelium (arrow); (**C**) vacuolar degeneration in tubular epithelial cells (arrow) together with peritubular hemorrhages; (**D**) extensive necrosis in tubular epithelium together with hyaline cast (star) and necrotic cell debris (arrows) in tubular lumen. (**E**) Kidney sections of rat in the group that received 25 mg/kg Ch-AgNPs, showing severe congestion (arrow) with mild degeneration of the renal tubular epithelium. (**F**) Kidneys of rat in the group that received 10 mg/kg Ch-AgNPs showing normal histology.**Note:** All sections stained by H&E.**Abbreviation:** Ch-AgNPs, chitosan-coated silver nanoparticles.

Results of the microscopic scoring shown in [Tables 2](#T0002){ref-type="table"}--[4](#T0004){ref-type="table"} revealed severe to moderate histopathological alterations in all of the examined organs (spleen, liver, kidneys) in the group treated with 50 mg/kg Ch-AgNPs. Moderate pathological alterations were observed in the group treated with 25 mg/kg Ch-AgNPs. On the other hand, the mildest lesions were observed in groups treated with 10 mg/kg Ch-AgNPs.Table 2Microscopic grading and scoring of the spleen injury in rats of different groupsGroups/parametersG1G2G3G4LQ atrophy−++++−RC hyperplasia−++++−Tangible MQ+++++++Hemorrhage−++−−[^3][^4] Table 3Microscopic grading and scoring of the hepatocellular damage in rats of different groupsGroups/parametersG1G2G3G4HCD−+++−HCN−+++−Hemorrhage−+−−ICI−+−−[^5][^6] Table 4Microscopic grading and scoring of the renal damage in rats of different groupsGroups/parametersG1G2G3G4TCD++++++TCN−++−−Renal cast−++−−Congestion−+++−Hemorrhage−++−−ICI−+−−[^7][^8]

### Immunohistochemical examinations {#S0003-S2002-S3003}

Results of immunohistochemical staining of the spleen, liver, and kidney tissue sections are summarized in [Table 5](#T0005){ref-type="table"} and illustrated in [Figures 6](#F0006){ref-type="fig"}--[8](#F0008){ref-type="fig"}. There was marked positive expression of caspase-3 (an immunohistochemical marker for apoptosis) among the lymphoid cells in the splenic follicles, hepatocytes, the epithelial lining of bile ducts and in the renal tubular epithelial cells in groups treated with 50 mg/kg Ch-AgNPs. Mild positive to negative expression of the apoptotic marker (caspase-3) was noticed in spleen, liver, and kidney sections in rats treated with either 25 or 10 mg/kg Ch-AgNPs.Table 5Quantitative analysis of positive caspase-3 protein expressions in the spleen, liver, and kidney sections in different groupsG1G2G3G4Spleen0.5±0.260±5.6 \*25±5 \*0.9±0.6Liver1.9±1.165±10 \*45±3.1 \*5±2.5Kidneys0.6±1.125±2.5 \*5±3.15±2.2[^9][^10] Figure 6Immunohistochemical expression of caspase-3 and PCNA in the spleen sections in different groups showing negative caspase-3 and PCNA protein expression in the control negative group (**A** and **B**). Strong positive caspase-3 and negative PCNA protein expression in the group treated with 50 mg/kg bwt Ch-AgNPs (**C** and **D**). Moderate positive caspase-3 and PCNA protein expression in the group treated with 25 mg/kg bwt Ch-AgNPs (**E** and **F**). Negative caspase-3 and mild positive PCNA protein expression in the group treated with 10 mg/kg bwt Ch-AgNPs (**G** and **H**).**Abbreviations:**bwt, body weight; Ch-AgNPs, chitosan-coated silver nanoparticles.Figure 7Immunohistochemical expression of caspase-3 in liver and kidney sections in different groups showing negative caspase-3 expressions in control negative group (**A** and **B**). Strong positive caspase-3 reactions in the group treated with 50 mg/kg bwt Ch-AgNPs (**C** and **D**). Moderate positive caspase-3 reaction in the group treated with 25 mg/kg bwt Ch-AgNPs (**E** and **F**). Mild positive to negative caspase-3 expression in the group treated with 10 mg/kg bwt Ch-AgNPs (**G** and **H**).**Abbreviations:**bwt, body weight; Ch-AgNPs, chitosan-coated silver nanoparticles.Figure 8Image analysis of positive PCNA reactions in the spleen tissue sections in different groups. Data are represented as mean ± SEM. \*Indicates significant difference from the corresponding control group at *P*≤0.05.

The protein expression of PCNA (as an immunohistochemical marker for proliferation) ([Figures 6](#F0006){ref-type="fig"} and [8](#F0008){ref-type="fig"}) was significantly elevated in the spleen of rats administered either 25 or 10 mg/kg Ch-AgNPs compared to the corresponding control group. At the same time, the expression of this proliferating protein marker did not differ between other groups.

All of the above immunohistochemical markers showed normal mild positive to negative expression in rats of the control group.

### Oxidative stress markers {#S0003-S2002-S3004}

Rats exposed to Ch-AgNPs showed a dose-dependent increase in MDA level and a decrease in GSH content in different organs (liver, kidneys, and spleen). The rats exposed to 50 mg/kg bwt. showed a significant decrease in the level of the GSH content in comparison to the corresponding control group (*P*≤0.05) ([Figure 9A](#F0009){ref-type="fig"}); in addition, the MDA level showed a significant increase in liver, kidney, and spleen in comparison to the control group (*P*≤0.048) ([Figure 9B](#F0009){ref-type="fig"}). There was no significant difference in the levels of MDA and GSH between the control group and those treated with either 25 or 10 mg/kg Ch-AgNPs.Figure 9Tissue level of GSH (**A**) and MDA (**B**) in different groups. Data are represented as mean ± SEM. \*Indicates significant difference from the corresponding control group at *P*≤0.05.**Abbreviations:**GSH, glutathione; MDA, malondialdehyde.

Discussion {#S0004}
==========

AgNPs are amongst the most broadly connected nano material in the biomedical and pharmacological fields, and this leads to worries about security controls and the danger related to discharging organically dynamic Ag+ into the human body.[@CIT0032] Appraisals of AgNP toxicity are limited, and restricted to the cytotoxicity and genotoxicity of silver particles in tissue cultures and cell lines.[@CIT0033] Numerous in vitro investigations propose that the AgNPs prompted dose- and size-dependant cytotoxic impacts on tissue cells. Kim et al[@CIT0034] revealed that small-sized AgNPs (10 nm size) had a more prominent capacity to incite apoptosis in MC3T3-E1 cells than large-sized AgNPs (50 and 100 nm). Previous studies have shown that small-sized AgNPs are more toxic than large ones.[@CIT0035],[@CIT0036] In an ongoing report, Ivask et al[@CIT0037] confirmed the size-dependent toxic effects of AgNPs on several microbial species, protozoans, algae, crustaceans, and mammalian cells in vitro. The cytotoxicity of AgNPs could be influenced by particle size, surface-stabilizing agents, pH, and some other factors.[@CIT0005],[@CIT0008],[@CIT0038],[@CIT0039] Size, dose, and composition are properties of great importance in evaluation of nanotoxicity, and the surface-stabilizing coating is one of the most critical variables for shielding cell viability from AgNPs.[@CIT0040],[@CIT0041] A few investigations have demonstrated that chitosan has good biocompatibility and antibacterial properties. However, few investigations examine the toxicity of Ch-AgNPs.

Oxidative stress is a key mechanism inducing cytotoxicity through enhancing the production of MDA accompanied by depletion of GSH in tissues; these are considered the most important indexes of antioxidant activities.[@CIT0042] This may be a mechanism for the toxicity of NPs.[@CIT0043],[@CIT0044] Many physiological and cellular events are induced by oxidative stress, including inflammation, DNA damage, and apoptosis.[@CIT0045]

In the present study, after 14 days exposure to various concentrations of Ch-AgNPs in rats, doses of 50 mg/kg bwt caused a significant increase in MDA level and a significant decrease in GSH content in different organs (liver, kidney, and spleen). These results suggest that Ch-AgNPs may induce oxidative damage through a ROS-mediated process. AgNP toxicity seems to increase ROS production, as reported by Christensen et al.[@CIT0041] The data are in accordance with Schlinkert et al[@CIT0046] who stated that silver and gold NPs induced a significant increase in ROS production with an increase in chitosan coating. It was concluded that mechanisms of AgNP toxicity induce oxidative stress.[@CIT0047] In the present study, Ch-AgNPs induced a significant elevation in LPO and depletion of GSH, which is in accordance with previous investigations.[@CIT0036],[@CIT0048],[@CIT0049] GSH is considered as the first line of the cellular defense mechanism against oxidative damage. In this study depletion of GSH and an increased level of LPO may be how AgNPs induced cytotoxicity in different tissues (liver, kidney, and spleen) of exposed rats.

In contrast, Hajji et al[@CIT0050] reported that low molecular weight Ch-AgNPs have antioxidant properties and are characterized by low cytotoxicity and promote wound healing. This difference may be related to the difference in concentrations, route of administration and method of preparation of the NPs.

Our outcomes demonstrated a significant increase in serum levels of urea nitrogen and creatinine in the group that received 50 mg/kg Ch-AgNPs, suggesting that renal damage caused disturbance in the elimination of both breakdown products through the kidneys, as recorded by Fatima et al[@CIT0051] There was a likewise critical rise in hepatic enzymes (ALT and AST) in this group, which demonstrates liver injury; it has recently been found that AgNP administration causes deterioration in hepatic functions.[@CIT0052] The changes observed in the kidneys and liver biochemical parameters were confirmed by histopathological alterations and immunohistochemical examinations. In the present study, kidneys of rats treated with 50 mg/kg Ch-AgNPs showed focal interstitial nephritis, tubular epithelial degeneration, and necrosis with renal casts and showed strong positive expression of caspase-3 in the renal tubular epithelium. The most prominent pathological lesions observed in the liver were hepatocellular vacuolar degeneration and necrosis as well as strong positive caspase-3 protein expression noticed among hepatocytes. AgNPs could enter the host body by several routes and introduce injuries in the liver, kidneys,[@CIT0053] spleen, lungs,[@CIT0054] and the central nervous system.[@CIT0055] Parang and Moghadamina[@CIT0056] reported more cellular damage in the liver of rats exposed to AgNPs at a dose level of 100 mg/kg, in the form of swelling of cytoplasm, nuclear swelling, vacuole formation, abnormal hemorrhage, cellular congestion, and necrosis. These lesions were accompanied with elevation in serum ALT and AST.

Liver and kidneys are considered the targets of AgNPs in rats via oral or intraperitoneal administration.[@CIT0057],[@CIT0058] The potential systemic toxicity of AgNPs remains dubious. Our results correlated with the data obtained by Al Gurabi et al[@CIT0059] revealing that AgNPs induce a significant increase in symptoms of hepatic damage such as elevation in the level of ALP, ALT and AST enzymes. Guo et al[@CIT0060] also noted that i.v. injection of AgNPs leads to the intoxication of liver and kidney organs through reducing the endothelial interconnection related to intracellular ROS. A few investigations affirmed that oral administration of Ch-AgNPs demonstrated no detectable systemic toxicity in rats.[@CIT0061],[@CIT0062] However, high concentrations of AgNPs in the bloodstream may lead to severe toxicities[@CIT0063] For example, intravenous administration of AgNPs at 20 mg/kg and above in Westar rats produced huge changes in WBC count, PLT count, hemoglobin, and RBC count, and the levels of liver function enzymes (including ALT, AST, ALP, GGT and TBil) were increased when 40 mg/kg of AgNPs were injected.[@CIT0063] Hussain[@CIT0064] detailed that AgNPs were highly toxic in rat liver cells. AgNPs reduced the mitochondrial activity leading to decrease the accessible vitality for cells.[@CIT0065] In addition, some researchers confirmed that silver and silver salts are conveyed to the entire body, finally aggregating in the liver, kidney, and spleen; they also demonstrated that silver promotes the porosity of the cell layer to potassium and sodium, and disturbs the movement of Na-K-ATPase and mitochondria.[@CIT0066],[@CIT0067] Tang and  Xi[@CIT0068] found that AgNPs cause liver and kidney toxicity, and a high dose prompts demise. Several previous studies revealed that AgNPs cause histopathological changes in the liver, spleen, and kidneys, demonstrating the tendency of silver ions to bind to thiol groups in the liver, prompting hepatocellular apoptosis. Experimental evidence has shown that metal oxide NPs induce DNA damage and apoptosis via ROS generation and oxidative damage.[@CIT0045] Our study affirmed the renal and hepatocellular apoptosis incited by AgNPs by caspase-3 immunohistochemical responses which give a strong positive response in the group receiving the highest dose of Ch-AgNPs (50 mg/kg Ch-AgNPs). Decreased glutathione is important to evacuate peroxides,[@CIT0069],[@CIT0070] so various types of NP could be dangerous in human and animal tissues.[@CIT0071],[@CIT0072]

Lymphocyte and macrophage infiltration was uncovered as the key perceptions for AgNP-initiated morphological changes,[@CIT0073],[@CIT0074] despite cell degeneration, regeneration, and necrosis. NPs introduced inflammation and immune response while interacting with tissues, which is a key component of nanotoxicity. In this way, the pathological alterations noticed in the spleen were associated with the immunotoxic effect of AgNPs. Our study showed a reduction in the serum levels of IgG in groups exposed to high doses of Ch-AgNPs without significant differences in levels of IgM. The reduction of IgG recommended immune suppression. Essentially, decrease of IgG recommends concealment of the functional immune system, prompting diminished protection from several diseases and infections. Together with a similar IgM, reduced IgG proposes that class switching from IgM to IgG is prevented by AgNP exposure. This impact is known to be initiated by immunosuppressive medications, for example, cyclosporine A and FK 506.[@CIT0075] The histopathological observation of lymphoid cell atrophy and splenic or reticular cell hyperplasia in the group that received the highest dose, which is indicative for immune suppression, is in line with reduced IgG; this may suggest that impaired T-cell function is a cause for reduced IgG. It is outstanding that IgG is dependent on the assistance of T-helper just as B-cells.

In the present study, splenic and reticular cell hyperplasia observed in the group injected with 25 mg/kg Ch-AgNPs, as well as the lymphoid cell hyperplasia observed in the group injected with 10 mg/kg Ch-AgNPs, was confirmed by immunohistochemical examinations which found strong positive PCNA protein expression. Also, lymphoid cell apoptosis observed either in the periarterial lymphoid sheath or splenic lymphoid nodules in the splenic white pulp of rats injected with 50 mg/kg Ch-AgNPs was confirmed by immunohistochemical examinations, which found strong positive caspase-3 protein expression. Apoptosis (programmed cell death) is defined as a complex biological process which is important for regulating cell survival via removal of degenerated or injured cells[@CIT0076] It is usually applicable to any type of cell death mediated by an intracellular death program, regardless of the initiated mechanism[@CIT0077] Caspase-3 is a well-known marker of apoptosis, and can be activated by both extrinsic and intrinsic apoptotic pathways and consequently lead to the breakdown of DNA.[@CIT0078],[@CIT0079]

Even though the mechanisms by which Ch-AgNPs induce a proliferative response for splenocytes are not known, one possibility appears to be the generation of reactive oxygen species (oxidative stress) which may serve as mitogenic stimulators, initiating the cell cycle progression from G0 and through the G1-S restriction point.[@CIT0080]--[@CIT0083] In this study, there was a significant increase in the number of brown PCNA positive nuclei in splenic, reticular and lymphoid cells in both splenic red and white pulp in the group injected either with 25 or 10 mg/kg Ch-AgNPs. On the other hand, there was no significant difference in PCNA protein expression in the group injected with 50 mg/kg Ch-AgNPs compared with the control group. This may be due to extensive apoptosis observed in the spleen of rats in this group. PCNA is a marker of cell division and proliferation. PCNA was found in the cell nucleus and was directly involved in DNA synthesis[@CIT0084] Previous studies revealed that the AgNP-induced systemic and immunotoxic effect was initiated via the release of the products of oxidative stress such as different cytokines, ROS and at the same time the decrease of cellular antioxidants. These ROS of oxidative stress were detrimental and injurious to the cell compounds as lipid, protein, and membranes, eventually leading to inactivation of structural proteins, enzymes, and ion pumps, increased lipid peroxidation, impairment of cell functions, inflammation, cytolysis, interstitial fibrosis, mutation and damage to DNA, and apoptosis.[@CIT0085],[@CIT0086]

In the present study, hematological parameters uncovered the immune suppression in the group administered with the highest dose of Ch-AgNPs. There was critical decline in total number of WBCs and lymphocytes, with minimum increase in blood monocytes in the group that received the highest dose. Our finding concurred with past investigations indicating the least modification in clinical biochemistry and hematology in rats receiving up to 50 mg/kg AgNPs.[@CIT0087]

AgNPs were exceptionally industriousness in rodents and hard to be discharged from the body, and subsequently could applied its toxicity in a chronic state. Some previous studies uncovered that the Ag**^+^**, not the NPs, was responsible for the major toxic effects of AgNPs regardless of the coating materials.[@CIT0088],[@CIT0089] The majority of the harmful impacts brought about by AgNPs were contributed by the dissolved Ag**^+^**,[@CIT0090] and the conceivable mechanisms include actuation of lysosomal acid phosphatase activity, interruption of the actin cytoskeleton and incitement of phagocytosis, and hindrance of Na-K-ATPase. Later in vitro investigations further found that the toxicity of AgNPs chiefly relies on the intracellular discharge, not the silver ions liberated in the culture medium.[@CIT0091],[@CIT0092] Lin et al[@CIT0093] detailed that deadly bradyarrhythmias could be created with the presence of AgNPs, and further suggested that AgNPs contributed to their gross acute toxic effect on myocardial **I**~Na~ and **I**~K1~ channels, as the released Ag**^+^** was estimated to be less than 0.02%. Moreover, the organism-specific immune response incited by NPs should be given attention. It is further proposed that the inflammatory reaction might be vital for AgNP toxicity.[@CIT0094]

Conclusion {#S0005}
==========

This study aimed to provide a comprehensive insight into Ch-AgNP immunotoxicity in addition to studying the oxidative stress damage, and histopathological and immunohistochemical alterations induced in rats, to gain a better understanding of the potential risk of Ch-AgNP-containing medical materials. Hence, it was concluded that Ch-AgNPs induce dose-dependant adverse effects on rats.
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[^1]: **Note:** \*Indicates significant difference from the corresponding control group at *P*≤0.05.

[^2]: **Abbreviations:** G1, control group; G2, group receiving 50 mg/kg Ch-AgNPs; G3, group receiving 25 mg/kg Ch-AgNPs; G4, group receiving 10 mg/kg Ch-AgNPs; RBCs, red blood cells; Hb, hemoglobin; PLAT, platelet count; TWBCs, total white blood cells; LQ, lymphocytes; MQ, macrophage.

[^3]: **Notes:** (−), normal; (+), mild; (++), moderate; (+++), severe

[^4]: **Abbreviations:** G1, control group; G2, group receiving 50 mg/kg Ch-AgNPs; G3, group receiving 25 mg/kg Ch-AgNPs; G4, group receiving 10 mg/kg Ch-AgNPs; LQ, lymphocytes; RC, reticular cells; MQ, macrophages.

[^5]: **Notes:** (−), normal; (+), mild; (++), moderate.

[^6]: **Abbreviations:** G1, control group; G2, group receiving 50 mg/kg Ch-AgNPs; G3, group receiving 25 mg/kg Ch-AgNPs; G4, group receiving 10 mg/kg Ch-AgNPs; HCD, hepatocellular degenerations; HCN, hepatocellular necrosis; ICI, inflammatory cell infiltration.

[^7]: **Notes:** (−), normal; (+), mild; (++), moderate; (+++), severe.

[^8]: **Abbreviations:** G1, control group; G2, group receiving 50 mg/kg Ch-AgNPs; G3, group receiving 25 mg/kg Ch-AgNPs; G4, group receiving 10 mg/kg Ch-AgNPs; TCD, tubular cell degeneration; TCN, tubular cell necrosis; ICI, inflammatory cell infiltration.

[^9]: **Note:** \*Indicates significant difference from the corresponding control group at *P*≤0.05.

[^10]: **Abbreviations:** G1, control group; G2, group receiving 50 mg/kg Ch-AgNPs; G3, group receiving 25 mg/kg Ch-AgNPs; G4, group receiving 10 mg/kg Ch-AgNPs.
